INTRODUCTION
Cleavage of Ptdlns (4, 5) P2 by phospholipase C generates two second messengers, diacylglycerol and Ins(1,4,5)P3 (for reviews see [1] [2] [3] [4] ). The latter molecule mobilizes the limited intracellular Ca2+ stores from a non-mitochondrial compartment, probably in the endoplasmic reticulum [5, 6] , and is rapidly metabolized to Ins(1,4)P2 by membrane-bound and cytosolic 5-phosphatases [7] . Alternatively, Ins(1,4,5)P3 undergoes a rapid phosphorylation and then dephosphorylation reaction to yield Ins(1,3,4)P3 [8] [9] [10] [11] via Ins (1, 3, 4, 5) P4 by the concerted action of 3-kinase and 5-phosphatase activities. Ins (1, 3, 4, 5) P4 has been reported to mediate entry of extracellular Ca2' across the sea-urchin egg plasma membrane, thus prolonging the elevated concentrations of Ca21 seen after receptor stimulation [12] . Ins (1, 3, 4) P3 is metabolized by a cytosolic enzyme to Ins(3,4)P2 [7, 13] , although Ins(1,3)P2 has been reported to be a quantitatively minor product [14] . Regardless of how Ins(3,4)P2 and Ins (1, 4) P2 are further dephosphorylated, their monophosphate products are all substrates for the same Li'-sensitive enzyme, inositol monophophatase (EC 3.1.3.25) , which has been purified and characterized in some detail [15, 16] . The free inositol generated is then utilized for the resynthesis of PtdIns and polyphosphoinositides.
Until recently, Ins(1,4)P2 was widely thought to be degraded to inositol via D-Ins(I)P, since this is the most abundant monophosphate found in the cerebral cortex of Li'-treated animals [17, 18] and in thrombin-stimulated platelets [19] . However, D-Ins(4)P was shown to be the major product of Ins(1,4)P2 hydrolysis in agoniststimulated rat adrenal glomerulosa [20] and pituitary cells [21] , implicating some other metabolite, possibly PtdIns, as the major source of D-Ins(I)P. In addition, we have recently shown [22] [13] demonstrated that Ins(1,4)P2 and Ins(1,3,4)P3 were both hydrolysed by I-phosphatase enzymes to Ins(4)P and Ins(3,4)P2, respectively, the latter compound being further degraded by a 4-phosphatase to D-Ins(3)P [L-Ins(I)P].
In the present paper we report the purification to homogeneity of bovine brain Ins(1,4)P2-1-phosphatase. Its molecular and enzymic properties are described, and we show that it catalyses the hydrolysis of both Ins(1,4)P2 and Ins(1,3,4)P3.
MATERIALS AND METHODS

Materials
Frozen bovine brains were obtained from Imperial Laboratories, Salisbury, Wilts., U.K. DL-Ins(1,3,4,5)P4 and Ins(1,3)P2 were prepared as described by Billington & Baker [23] , DL-Ins(3,4)P2 and DL-Ins(1,4)P2 as described by Angyal & Tate [24] , and inositol monophosphates as described by Billington et al. [25] . [Ins-2-3H(n)]-Ins(1,3,4,5)P4 (5 Ci/mmol) was obtained from New England Nuclear (Du Pont, Stevenage, Herts., U.K.). Other materials were obtained from sources as noted previously [16, 22] . Assays Ins(1,4)P2 phosphatase and inositol monophosphatase were assayed either by colorimetric determination of released P1 [26] or by radiochemical assays [22] . After 60 min at 37°C, the reaction was terminated by heating in boiling water for 3 min. The sample was diluted to 2 ml with 7 % (v/v) propan-1-ol and desalted on a Sephadex G-10 column (1.0cm internal diam. x 30 cm) equilibrated with 7 % propan-l-ol [28] . The flow rate was 1 ml/min, and 1 ml fractions were collected. Fractions containing 3H radioactivity were pooled and rotary-evaporated-under reduced pressure. [16] . Proteins precipitated between 40 and 65 % saturation were resuspended in approx. 200 ml of 50 mM-Tris/HCl, pH 8.0, and dialysed overnight against 2.51 of the same buffer. Any insoluble material was removed by centrifugation at 30000 g for 30 min.
Q-Sepharose chromatography Dialysed material was applied at 5 ml/min to a QSepharose (Pharmacia, Milton Keynes, Bucks., U.K.) column (2.5 cm internal diam. x 40 cm) equilibrated with 50 mM-Tris/HCl buffer, pH 8.0. The column was washed with 100 ml of 50 mM-Tris/HCl buffer, pH 8.0, and developed with a linear NaCl gradient (0-0.3 M) in a total volume of 1.5 litres of this buffer. Fractions (10 ml) were assayed for Ins(1,4)P2-phosphatase activity.
Sephacyl S-200 chromatography
Active fractions from Q-Sepharose were pooled and concentrated to 5 ml by ultrafiltration through an Amicon PM1O membrane. The concentrated sample was chromatographed on a Sephacyl S-200 column (2.5 cm internal diam. x 80 cm) equilibrated with 50 mMTris/HCI (pH 8.0)/0.2M-NaCl/0.1 mM-EGTA/0.1 mm-EDTA at 1.5 ml/min. Active fractions were pooled, concentrated as above to 5 ml, and adjusted to 33 % saturation with (NH4)2S04 by addition of 2.5 ml of a saturated solution in 20 mM-Tris/HCI, pH 7.0 (at room temperature).
Phenyl-Superose chromatography
The protein was filtered through a 0.22/,tm-pore-size membrane and applied to an HR5/5 phenyl-Superose column (Pharmacia) equilibrated at room temperature with a 33 %-satd. solution of (NH4)2S04 in 20 mmTris/HCI, pH 7.0 (buffer A). Buffer B was 20 mM-Tris/ HC1, pH 7.0. The column was washed with 5 ml of A + B (7: 3, v/v) and developed with a linear gradient of A + B from 7:3 to 2:3 (v/v) (total vol. 70 ml, flow rate 1 ml/ min). Active fractions were pooled, diluted to 50 ml with buffer B and concentrated to a final volume of 1.1 ml.
Mono Q chromatography
The protein was diluted to 10 ml with 50 mM-Tris/ HCI, pH 7.0, and applied to an HR5/5 Mono Q column (Pharmacia) equilibrated with the same buffer. Proteins were eluted with a linear gradient of NaCl (0.09-0.2 M) in 50 mM-Tris/HCl buffer, pH 7.0 (total vol. 40 ml, flow rate 0.1 ml/min). Active fractions were pooled and stored frozen at -20°C in 0.5 ml portions. Table 1 . The final enzyme preparation had a specific activity of 61 300 munits/mg, Indicating a 13000-fold purification from brain supernatant.
Molecular properties
We previously reported the native Mr of bovine brain Ins(1,4)P2-phosphatase by gel filtration to be 46000 [16] . Analysis of the purified enzyme by SDS/polyacrylamidegel electrophoresis revealed a single polypeptide species of subunit Mr 40000 (Fig. 1) . These results are consistent with a monomeric structure. Mg2+-dependence Ins(1,4)P2-phosphatase had an absolute requirement for Mg2' and achieved a maximal rate in the presence of 9 mM-Mg2+. In contrast, inositol monophosphatase activity was maximal with 2.3 mM-Mg2+ (Fig. 2) . pH optimum
The pH optimum of the enzyme was determined in either Mes or Tris buffers in the range pH 5.5-9.0. The optimum was found to be pH 7.8 (Fig. 3) . Effect of KCI concentration on activity
The effect of varying the KCI concentration on enzyme activity is shown in Fig. 4 . Activity was near maximal over a wide range of concentrations (0-300 mm), but was significantly inhibited at concentrations above 400 mm. Substrate specificity A number of inositol phosphates were examined in order to determine the specificity of the purified enzyme ( With the purified enzyme, the ratio of the hydrolytic rates for D-Ins(1,4)P2 and L-Ins(1,4)P2 was found to be 130:1. When a crude brain supernatant fraction was used, the ratio was decreased to 12.5: 1. Effect of Li'
Hydrolysis of both Ins(1,4)P2 and Ins(1,3,4)P3 by purified enzyme was inhibited by Li' in an uncompetitive manner, with K, values of 9.63 mm and 0.48 mm respectively. Km values for these two substrates were 0.04 mm and 0.5 mm respectively (Table 3 ).
DISCUSSION
Ins (1, 4, 5) P3 is metabolized in a complex series of phosphorylation and/or dephosphorylation reactions and ultimately returned to the free inositol pool. There have been conflicting reports on the identity of the metabolic intermediates produced, and hence on the specificity of the enzymes catalysing these reactions. Both Ins(l)P and Ins(4)P have been reported to be products of Ins(1,4)P2 hydrolysis in rat brain and liver [18, 31] , although more recent work suggests that only trace quantities of Ins(l)P are produced [22] . In addition, Imai & Gershengorn [21] studied the kinetics of inositol phosphate formation in agonist-stimulated cells and concluded that Ins(l)P could not be produced from Ins(1,4)P2. Although it now seems clear that Ins (1, 3, 4) P3 is hydrolysed predominantly to Ins(3,4)P2 [32] , the I-phosphatase activity responsible has been variously attributed to Ins(1,4)P2-phosphatase [3] , inositol monophosphatase [14] or a Li'-insensitive enzyme [7] . In the present study we therefore sought to purify Ins(1,4)P2-phosphatase to homogeneity, and hence to clarify its role in the degradation of inositol phosphates.
The purified enzyme hydrolysed both Ins(1,4)P2 and Ins (1, 3, 4) Purified Ins(1,4)P2-phosphatase catalysed the hydrolysis of both Ins(1,4)P2 and Ins(1,3,4)P3, generating Ins(4)P and Ins(3,4)P2 respectively. These are the major products found after hydrolyses catalysed by crude supernatants [22, 32] , indicating little involvement of either 3-or 4-phosphatases in the degradation of Ins (1,3,4) P3. That Ins(1,4)P2-phosphatase is the only 1- phosphatase enzyme involved is supported by the finding that relative rates of hydrolysis of Ins(1,4)P2 and Ins (1, 3, 4) P3 are similar for both crude supernatant and pure enzyme. Inhorn et al. [13] have suggested the name inositol polyphosphate 1-phosphatase for the enzyme that we have purified. However, since we have shown that several I-phosphorylated inositol polyphosphates are not substrates, we suggest that the name Ins(1,4)P2/ Ins(1,3,4)P3 I-phosphatase is more appropriate.
The purified enzyme was shown to be enantiomerspecific, and only hydrolysed D-Ins(1,4)P2 to any appreciable extent. However, crude bovine brain supernatant did contain an enzyme, probably a nonspecific phosphatase, capable of hydrolysing the Lenantiomer, thus explaining the difference in enantiomeric specificity for supernatant and purified Ins(l,4)P2/Ins(l,3,4)-P3 I-phosphatase. Although the individual enantiomers of Ins(1,3,4)P3 were not available to us, it is reasonable to assume that L-Ins(1,3,4)P3
would not be a substrate for Ins(l,4)P2/Ins(1,3,4)P3 1 -phosphatase.
Moyer et al. [33] have partially purified a rat liver enzyme that hydrolyses Ins(1,4)P2 to Ins(4)P. This enzyme preparation catalysed hydrolysis of Ins(1,3,4)P3 (product not identified), the reaction being inhibited by Ins(1,4)P2. These results are consistent with the notion that, as in bovine brain, a single enzyme is responsible for hydrolysis of both Ins(1,4)P2 and Ins(1,3,4)P3. Confirmation will require purification of the rat liver enzyme to homogeneity. The rat brain enzyme has recently been purified to homogeneity [34] . Despite some similarities to the bovine brain enzyme (Mr, Mg2+-dependence, Li+-sensitivity), the rat enzyme acts as a 4-phosphatase, generating Ins(l)P from Ins(1,4)P2. This result is at variance with much of the literature and will require independent confirmation.
In agonist-stimulated cells treated with Li+, Ins(1)P, Ins(4)P, Ins(1,4)P2 and Ins(1,3,4)PJ accumulate [19, 35, 36] . Raised amounts of Ins(I)P and Ins(4)P are readily explained in terms of the specificity of inositol monophosphatase and its sensitivity to Li' (K, values 1.0mm and 0.28mm respectively [16] 
